Objective: Although pituitary adenomas (PAs) affect a significant proportion of the population, only a fraction have the potential to become clinically relevant during an individual's lifetime, causing hormonal imbalance or complications due to mass effect. The overwhelming majority of cases are sporadic and without a clear familial history, and the genotype-phenotype correlation in PA patients is poorly understood. Our aim was to investigate the involvement of genes known for their role in familial cases on drug response and tumor suppression in the development and pathology of PAs in a patient group from Latvia. Design: The study included 143 cases and 354 controls, we investigated the role of single-nucleotide polymorphisms (SNPs) in seven genes (SSTR2, SSTR5, DRD2, MEN1, AIP, GNAS, and PRKAR1A) associated with pituitary tumor occurrence, phenotype, and clinical symptoms. Methods: Genotyping of 96 tag and nonsynonymous SNPs was performed in the genomic regions of interest. Results: We discovered a significant association (OR = 17.8, CI 0.95 = 2.18-145.5, P = 0.0002) between a rare MEN1 mutation (rs2959656) and clinically active adenoma in our patients. Additionally, rs7131056 at DRD2 was associated with a higher occurrence of extrasellar growth in patients with prolactinoma and somatotropinoma (OR = 2.79, CI 0.95 = 1.58-4.95, P = 0.0004). Conclusions: rs2959656, a nonsynonymous variant in MEN1, is associated with the development of clinically active PA. Furthermore, rs7131056 in DRD2 contributes to either faster growth of the adenoma or reduced symptomatic presentation, allowing PAs to become larger before detection.
Introduction
Up to 15% of clinically active primary intracranial neoplasms are pituitary adenomas (PAs) (1) . Clinically significant PAs affect one individual out of approximately 1000-1300 people in the general population (2, 3) . Silent adenomas are more common and are found in 1.5-27.0% (mean 10.7%) of people examined (4) . Meta-analysis estimation shows a prevalence of 16.7% in the general population (5) . PAs are categorized by their size and type of hormone secreted. The most common type of clinically significant PAs is prolactinsecreting (40% of all PAs), followed by nonfunctioning PAs (NFPAs) (37%) and growth hormone (GH)-secreting (somatotroph) adenomas (13%) (6) . It was formerly thought that PA-caused acromegaly had a prevalence of 40-60 (7, 8) patients per million people, but more recent findings show that clinically relevant somatotroph adenomas present a rate of 124/1 000 000 (9) people in Europe and 480/1 000 000 (10) in Brazil. More than 70% of GH-secreting adenomas are larger than 10 mm in diameter (macroadenomas) at the time of diagnosis (11) , probably because tumor formation can start as many as 10 years before diagnosis (7) .
There is evidence that both genetic and epigenetic factors are important for the development of human neoplasms (12) . It has been shown that PAs are tumors of monoclonal origin (13) . At least three separate clinical syndromes have been associated with hereditary PAs, including multiple endocrine neoplasia type 1 (MEN1), Carney complex, and familial isolated PA, caused by mutations in MEN1, PRKAR1A, and AIP, respectively (14, 15, 16) . About 5% of PAs can be attributed to these familial syndromes, while others are considered as sporadic cases thought to be caused by mutations in various genes including tumor suppressors in the retinoblastoma tumor suppressor and p53 pathways (17) . Research shows that a wider range of clinically significant adenomas tend to aggregate in families (18) . The genetic mechanisms underlying common forms of adenoma are less clear, with multiple genes potentially involved in the pathogenicity of PA. A recent genome-wide association study identified two markers on chromosome 10 and one on chromosome 13 to the presence of sporadic mutations in the Han Chinese population (19) . A novel finding suggests Xq26.3 microduplication responsible for sizeable proportion of the infantile pituitary gigantism cases, and further examination of the genes in this region in sporadic acromegaly cases suggests GPR101 as a cause (20) . A MEN1-like syndrome (MEN4) has been described more recently in rats and humans and relates to mutations in the CDKN1B gene, which may be considered as a rare cause of pituitary adenomas (21) . AIP mutations, normally associated with familial isolated PA, have also been shown to be rarely involved in the occurrence of sporadic cases (22, 23) and lack of response to somatostatin analogs (SA) in acromegaly (18, 23, 24) . Somatostatin acting through somatostatin receptors (SSTRs) is an important mediator of GH secretion and regulation of tumor proliferation; therefore, this system has been extensively studied in acromegaly (25, 26, 27) , and our previous study identified an association between polymorphisms in SSTR5 with acromegaly and number of disease parameters (28) . Similarly, the involvement of the dopamine system in clinically significant PA has been suggested, since dopamine agonists inhibit production of prolactin from the pituitary gland (29) . The targeting of DRD2 with dopamine agonists has been used successfully in patients with elevated hormone levels in prolactin-secreting and/or mixed GH/prolactin adenomas (30) . Somatic mutations in the Gsα gene (GNAS) are found in 40% of GH-secreting PAs, resulting in increased sensitivity to the inhibitory action of somatostatin (31) .
In this research article, we present results from genotyping of tag single-nucleotide polymorphisms (SNPs) for seven candidate genes (AIP, SSTR2, SSTR5, DRD2, GNAS, MEN1, and PRKAR1A) and their neighboring regions (in strong linkage disequilibrium (LD) with markers within the gene) in samples from 143 sporadic PA patients and 354 age-and sex-matched controls (at a 1:2.5 ratio of cases to controls) in order to investigate the potential involvement of these genes in nonfamilial PA cases.
Methods

Study population and diagnosis
This study was carried out using DNA samples from the Latvian Genome Database (LGDB) (briefly described previously) (32) . DNA was extracted from the wholeblood leukocytes by phenol-chloroform method. Written informed consent was acquired from all LGDB participants. The study protocol was approved by the Central Medical Ethics Committee of Latvia (protocol no. 01.29.1/28, 14 December 2011). The case group (165 participants) was enrolled for this study from the LGDB between 2004 and November 2011. Two university hospitals involved in the treatment of PA in Latvia participated in the enrollment of study cases. One hundred and fifty-eight patients were recruited from Pauls Stradiņš Clinical University Hospital and seven patients were from Riga Eastern Clinical University Hospital. Hormonal profiles (typically levels of GH, prolactin, insulin-like growth factor 1 (IGF1), adrenocorticotropic hormone (ACTH), and others, depending on the presence of clinical indications) from the blood were determined at an independent commercial laboratory (E. Gulbis Laboratory, Riga, Latvia). Prolactin was detected by electrochemical luminescence (Cobas 6000, Roche), while GH, IGF1, and ACTH levels were measured with Imulite 2000 (Siemens AG, Berlin, Germany). In cases with elevated levels of these hormones, magnetic resonance imaging (MRI) was performed. The presence of a pituitary tumor was determined using high-definition MRI data from a 1 mm slice series of the pituitary gland without contrasting agent with a Siemens Magneton 1.5T (Siemens AG, Berlin, Germany). During the first visit to the endocrinologist, phenotypic features (primary diabetes, primary hypertension, heart dysfunction, carpal bone syndrome, sleep apnea, macrognathia, and morphology of the nose and frontal bone) were also considered in the diagnosis, and further blood serum hormone testing was performed. Anthropometric and social data, health records, and family histories were obtained when including the patient in the study. Data used in this study include sex, age, age at tumor diagnosis, PA size, extrasellar growth, and hormone-secreting type, treatment type, drug prescription information, and the occurrence of other tumors. PA was designated as a "macroadenoma" if its diameter according to the MRI data was larger than 10 mm. It must be noted that age at diagnosis does not correspond to the age of tumor incidence or age when clinical symptoms attributed to PA occurred. Phenotypic data were collected based on hospital records and interviews for all the patients selected for the study. Samples were excluded from the study due to missing phenotype data (age or sex; N = 9), misdiagnosed as having PA in the primary examination (N = 5), inadequate DNA sample quality (N = 2), or rediagnosis as a pituitary carcinoma (N = 1). Due to the low number of cases, we also excluded patients with Cushing's disease (N = 4), leaving 144 cases eligible for genotyping.
Age-and sex-matched controls were selected from LGDB participants without endocrine or metabolic diseases or other chronic disease. Matching of samples was performed by dividing the case sample into groups based on sex, then further dividing subjects into age bins by decade. The sample of suitable controls (N = 738) was divided in a similar manner. Controls were picked randomly from each subgroup according to a number based on each respective case group. Samples with phenotypic information missing (e.g., sex, age, or BMI) were excluded from random matching. It should be noted that sex and age matching was performed before genotyping, and thus, it was influenced by exclusion of some samples as a result of genotyping quality check. However, the medians of age and interquartile range remained similar for all respective case-control groups, and in case of linear and logistic regression, sex was used as a covariate controlling for this issue. A total of 365 controls and one interplate positive control were used in this study. The case-to-control ratio was 1:2.5.
Candidate gene and SNP selection
Seven candidate genes were selected based on an extensive literature search about known and probable PA genetics in February 2011. The genes chosen were AIP, MEN1, GNAS, SSTR2, SSTR5, PRKAR1A, and DRD2. Tag SNPs were selected within these genes and in the upstream and downstream regions in strong linkage disequilibrium (LD) (r 2 > 0.8) with markers within each gene using Haploview v4.2 software (33) and HapMap release #28 (NCBI build 36, dbSNP b126, CEU analysis panel) (34) project information available in February 2011. Nonsynonymous SNPs in these genes were also included, and the remaining two slots in the 96-SNP assay were filled with the most informative tag SNPs from PRKAR1A. Detailed information about the regions chosen and LD plots are available upon request. The SNP list generated by Haploview was analyzed by the Illumina Assay Design Tool (Illumina, San Diego, CA, USA). SNPs with low predicted genotyping success rates were removed and each gene was reanalyzed in Haploview using the "force exclude" option for the marked polymorphisms. The designated genotyping success rate of 0.5 was deemed acceptable in cases where no other SNP was present to capture the marker or important nonsynonymous variant selected. Otherwise, a "Designability Rank = 1" was required. The final number of SNPs corresponded to the requirements of the Custom VeraCode GoldenGate Genotyping platform, offering discrimination of 96 SNPs in a single well of a 96-well microplate as one of the standard options. A full list of all SNPs and respective information about each is available upon request.
Genotyping and quality control
All 96 SNPs were genotyped using the Illumina BeadXpress system (Illumina GoldenGate genotyping assay) (35) . Genotyping was carried out according to the manufacturer's instructions. In order to ensure quality control (QC) and a high intrasubject concordance rate, 9.3% or 46 DNA samples were randomly chosen and distributed to other plates for repeated genotyping. All QC steps in the manufacturer's instructions were meticulously implemented. One positive sample was used in all plates. There was > 99.98% observed concordance; there was one mismatched allele call in 46 repeat pairs (one out of 5796), excluding uncalled SNPs and alleles. Additionally, only one mismatched allele call was observed among seven positive controls; therefore, no assay plates were removed from the study. Primary genotyping data analysis was performed by Illumina GenomeStudio V2010.3 Genotyping module V1.8.4. software. The Gene Call threshold was set to 0.25. The cluster images of the signal intensity were manually reviewed.
Sanger sequencing was performed to confirm rs2959656 heterozygous state in seven carriers. Polymerase chain reaction primers were 5′-AGCCAGCACTGGACAAGG-3′ and 5′-CCTTCATGCCCTTCATCTTC-3′. Sequencing primers were 5′-GGAAGCCTCCTGGGACTGT-3′ and 5′-TCTGGAAAGTGAGCACTGGA-3′.
Statistical analysis
PLINK v1.07 (36) was used for statistical analyses. A basic association test was used to test the difference between cases and controls. Logistic regression was used to test for a difference between cases and controls, adjusting the results for smoking status and sex. Linear regression was used to test the association with quantitative variables. P-values lower than 0.00081 to account for Bonferroni multiple testing correction for 62 SNPs tested were considered significant. Initial P-values lower than 0.05 were deemed noteworthy and such results were examined closer. Statistical power was calculated using Quanto v1.2.4 for SNP with frequencies of 1, 5, 10, and 50% using the assumptions of gene-only hypothesis, log-additive inheritance, and a population risk of 0.001 in a two-tailed test using our sample ( Fig. 1) .
Age was not normally distributed in the whole case or control groups due to the fact that PAs are age-related and controls were age-matched to cases. However, the quantitative variable 'age at diagnosis' was normally distributed in PA patients and subgroups of different adenoma types according to a chi-square goodness-of-fit test (P > 0.05). Normally distributed quantitative variables are presented as mean ± s.d. Quantitative variables that do not follow normal distribution are presented as medians and interquartile range ( Table 1) .
Mann-Whitney rank sum test was used to compare quantitative variables that are not normally distributed.
Results
The aim of this study was to genotype a set of 96 SNPs from seven candidate genes, which according to available literature data could be potentially involved in PA in 144 cases and 366 controls. Thirty-three SNPs were excluded from further analysis, with 11 SNPs excluded due to undistinguishable clusters and 22 excluded for being monomorphic (having a single cluster). Twelve samples (11 controls and one case) were excluded due to call rates of less than 90%. One SNP (rs4938025) did not pass the Hardy-Weinberg equilibrium test (P < 0.01) according to PLINK and was excluded. After QC, 497 individuals genotyped for 62 SNPs remained eligible for further statistical analysis. Detailed characteristics of the study subjects are given in Table 1 .
The strongest association signal was observed in MEN1. Carriers of the rare nonsynonymous SNP rs2959656 had a significantly increased risk for developing a pituitary tumor (OR = 17.8, P = 0.0002) ( Table 2 ). Seven heterozygous carriers of this SNP were observed in the case group, while only one 26-year-old individual from the control group had the same variant. The presence of this SNP was not associated with the specific hormonal profile of adenoma. Five of the seven carriers had clinically significant microadenoma and two others had macroadenomas. However, several other SNP-phenotype associations with certain types of adenoma or specific disease phenotypes were noted and examined closer. None of these, however, remained statistically significant after Bonferroni correction for multiple testing (correcting for 62 SNPs genotyped). The strongest association trend with acromegaly was rs34037914 at SSTR5. A number of disease phenotypes in our study were adenoma-specific or were not equally distributed among different types of tumors. Thus, extrasellar growth of adenomas was more frequently observed in NFPA (77%) compared with both hormone-secreting adenoma groups (46%) (P = 0.004). Therefore, we assessed the association with this phenotype in these subgroups. While none of the SNPs were associated with extrasellar growth in the NFPA group, two DRD2 SNPs (rs7131056 and rs4938025) were associated with extrasellar growth in the joint analysis of GH-and prolactin-secreting adenomas. Association results of categorical parameters are given in Table 2 .
More closely investigated association results with age at diagnosis are given in Table 3 . Four SNPs show association trend with a difference in the age at diagnosis of PA. The minor alleles of three SNPs decreased the age at PA diagnosis by 5-17 years, while the minor allele of DRD2 variant rs2734849 increased the age at diagnosis by almost 6 years. In the subgroup of cases with acromegaly, two other SNPs show trend of association with decreased age at diagnosis (rs624975 in MEN1 and rs1800497 in DRD2) ( Table 3) .
Haplotype reconstruction using our genotyping data did not reveal strong LD between the chosen tag SNPs in the Latvian population. Differences in the allele frequencies of SNPs between the Latvian and CEU populations are available upon request.
Discussion
In this study, multiple tag SNPs were genotyped in seven candidate genes in order to investigate their influence on the development of PAs and specific disease phenotypes. Due to the limited sample size, our primary aim was to detect clinically relevant genetic changes with large effects in relation to observed phenotypes (OR > 3; −5 > β > +5). Only recently, the first genome-wide association study on PA has been published. In that study, two markers on chromosome 10 and one on chromosome 13 were associated with elevated PA risk in the Han Chinese population. With ORs ranging from 1.28 to 1.44, these SNPs have modest influence on increased risk for PA development (19) . Even if this data were available at the design stage of our study, the chance of detecting effects at these ORs in our limited population size would be low (Fig. 1) . Few candidate gene studies have suggested potential contributors to PA development. For example, LRRC4 has been shown to have a protective effect for the T allele at rs6944446 (OR = 0.44, P = 0.036) (37) . Another study found that two CYP2D6 alleles increased susceptibility to pituitary tumors (38) .
Recently, there is more attention on research of genetic changes in tumor samples that give insights into mutation rate and mechanisms in formation of PA and their clinical phenotypes (20, 39, 40) . Main conclusion from these studies is that mutations detectable with current sequencing technologies in the exome of the somatic cells are zero (40) to seven (41) per tumor and that corresponds to generally slow proliferation of benign pituitary adenomas. However, no recurrent somatic mutations were detected in the exomes of seven NFPAs and 24 controls (41) or 12 genomes of prolactin and GH-secreting Pas (40) . The heterogeneity of genetical causes of PA seems to be a major hurdle in understanding the PA formation in greater detail. This issue has been overcome in the study of early-onset pituitary gigantism where the impact of microduplication of Xq26.3 encompassing GPR101 (gene was also found to harbor mutation in 11 sporadic acromegaly patients in the same study) was detected in 14 of 43 study participants demonstrating value of using phenotypic group as uniform as possible (20) . Same conclusion can be made to discover that somatic mutations in USP8 cause corticotroph Pas (42, 43) .
The main discovery in our study is the association between the nonsynonymous MEN1 SNP rs2959656 and the development of PA. Mutations in this tumorsuppressor gene are known to cause sporadic PA and familial MEN1 syndrome (17, 44, 45) ; however, this particular SNP has not been described previously as a PA marker in the literature. According to the NCBI SNP database, rs2959656 is rare among the CEU population from the HapMap project (34), but the global minor allele frequency is 0.261. It is unlikely that this SNP is the causal variant itself, given the high minor allele frequency in non-European populations. Most likely, this variant is in strong LD with the true causal variant, unique to Europeans or rare in other populations. These assumptions derive from previously published studies, indicating that none of the handful of known MEN1 mutations is predominantly the cause of neuroendocrine tumors. To date, more than 1300 mutations are known, although there are no mutation hotspots, and functional regions of MEN1 have not been deduced from these genotype alterations (46, 47) .
There were seven rs2959656 in MEN1 carriers among 143 PA cases and only one carrier in the 354 age-and sexmatched controls. All carriers were heterozygous and all were women. No distinct hormone-secreting profile was observed for carriers. The only minor allele carrier in controls was a 26-year-old female without a pituitary MRI. Her age (26 years) is well below mean age at PA diagnosis (44.3 years) in our sample. Literature data also suggest that pituitary tumors are more likely to affect females and with significantly higher tumor lifetime risk when MEN1 is mutated (starting from 6.7% at the age of 20-53.4% at the age of 60) (48) . This gender discrepancy has been attributed to a difference in the transcriptional regulation of the estrogen and androgen receptors (49) . Often, LOH has been observed in patients with MEN1 syndrome (50) . LOH in this locus can affect both MEN1 and AIP or either one of them, and such situations have also been associated with Pas (51) . Same could be true with inherited large deletion in this region, but not in this case, where all eight carriers were confirmed to be heterozygous for this SNP.
Several associations between SNPs and different PA types, depending on the hormone secretion profile, were observed. The strongest was a previously reported association (28) of rs34037914 in SSTR5 with acromegaly. A similar association was observed for rs169068 (SSTR5), which is in LD with rs34037914. The OR in this study is within the 95% CI range of the previous study (2.63 (1.36-5.08) vs 4.51 (1.76-11.6)) (28) . Nevertheless, in this study, we used a larger number of genotype markers resulting in a nonsignificant P-value after correction for 62 SNPs tested. Association of rs34037914 with age at diagnosis of acromegaly in patients with somatotroph adenoma also remained consistent with previous report. Two other markers, rs624975 in MEN1 and rs1800497 in DRD2, showed similar effects as rs34037914 on younger age of the patient at acromegaly diagnosis, while the previously discussed rare rs607969 variant in MEN1 had a more than two times higher impact on the age at diagnosis. Patients carrying this variant were younger at the time of diagnosis.
Extrasellar growth of adenomas refers to the state when the tumor enlarges to the degree that it extends outside the bony cavity (sella turcica) where the pituitary normally resides. Extrasellar growth may be infrasellar (into the bone), suprasellar (toward the optical chiasma and hypothalamus), or into the cavernous sinus. Not surprisingly, most (77% in our sample) of the NFPA cases Clinical Study R Peculis and others MEN1 and DRD2 impact pituitary adenomas exhibited extrasellar growth at the time of diagnosis, because the physical tumor size that usually causes health issues leads to the detection of the disease. Meanwhile, in both hormonally active adenoma groups, where seeking medical help is primarily initiated due to issues linked with hormone oversecretion, the extrasellar growth rate was 46% and was identical in both groups. Due to this heterogeneity, association of extrasellar growth with genotype was carried out only in hormonally active PAs. It is still unclear why several DRD2 and GNAS SNPs might be associated with extrasellar growth of adenomas. First, it is possible that these SNPs increase the aggressiveness of the tumor due to decreased DRD2 or G s α content, leading to either less-efficient receptor signaling or signal transduction, resulting in reduced suppression of PA proliferation. In order to test this hypothesis, several consecutive MRI measurements would be needed to assess adenoma dynamics. A second possibility is that these SNPs in DRD2 and GNAS lead to lower hormone secretion; therefore, the adenoma has more time to grow before a person seeks medical help. Third, a completely different mechanism may involve changes in social behavior in the case of DRD2. Altered DRD2 signaling may lead to higher anxiety against visiting a medical center and undergoing tests, thus giving more time for tumor growth before its detection. From eight initial associations with the extrasellar growth of PAs, rs7131056, located in the first intron of the DRD2, remained significant after correction for covariates and multiple testing for 62 SNPs. According to previous studies, this SNP is weakly associated with migraine (52, 53) , nicotine dependence (54) , and social phobia (55) . The latter association could support the hypothesis that people are more likely to postpone medical examination, allowing their adenoma excess time to grow. An important limitation of this study is that patient recruitment for the study of acromegaly from two hospitals started earlier than for the rest of the PA cases, leading to overrepresentation of somatotroph adenomas in our sample, which does not reflect the typical proportion of adenoma types in the general population. Other research has shown that the most common type of adenomas is prolactin-secreting (40%), NFPAs (37%), and somatotropinomas (13%) (6) . One of the main limitations of this research, and of rare disease genetics in general, is a small sample size that only allows reliable identification of genetic effects with large impacts (OR > 3.6 when the allele frequency is 1%). Another limitation of our study is that the control sample had not undergone MRI diagnostics for the pituitary and therefore might contain undiagnosed PAs, especially ones with clinically silent NFPAs. However, cases with silent adenomas that become clinically relevant are generally rare and thus would not affect the analysis significantly. Finally, it should be noted that candidate genes were selected on the basis of their ability to initiate the development of clinically significant tumors rather than tumorigenesis of PA in general.
In conclusion, we have, for the first time, shown an association between rs2959656, a nonsynonymous MEN1 SNP, with increased risk for PA development. We have also identified several other SNPs in SSTR5, DRD2, and GNAS that show an association trend with the occurrence of PA and their clinical characteristics, but the effects are too small to be reliably proven with our sample set. This study remains one of the few genetic studies using the representative selection of tag SNPs from several candidate genes in order to identify genetic causes of PA.
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